The Cold Metal Transfer process is investigated to join zinc coated steel with aluminium alloy by braze-welding. A 4043 filler metal is deposited on the surface of the coated steel, and the effect of the current waveform on the metal transfer and the heat transferred to the base metal is investigated. The reduction in the 'boost phase' duration of the current waveform decreases the volume of liquid drops at the wire tip and allows to increase the short-circuit frequency, inducing a similar or higher deposit rate. Regular deposits are obtained when the linear energy remains below ,500 J mm 21 . The heat transferred to the base metal, and thus the thickness of the intermetallic layer formed at the Al/steel interface, is lower for an equivalent deposit rate when the short-circuit frequency is high.
Introduction
Steel and aluminium are commonly joined by mechanical means like screwing, riveting or clinching, but also with solid state welding processes like explosion welding, 1 friction welding, 2 or more recently by friction stir welding. 3 In contrast, steel to aluminium fusion welding remains a technological issue due to the great difference in physical properties of both materials (melting temperature, coefficient of thermal expansion…) and most of all because of the near zero solid solubility of iron in aluminium, which involves the creation of brittle intermetallic phases. Despite the difficulties of assembling steel to aluminium by liquid state processes, several studies have been carried out using conventional processes such as arc welding, 4, 5 resistance spot welding, 6, 7 brazing, 8, 9 or laser welding. 10, 11 The reactive-wetting or braze-welding technique in a lap-welding configuration specially gives promising results. [12] [13] [14] It consists in melting aluminium base metal or a low melting point aluminium filler metal, producing its spreading on the solid steel base metal. However, if the wetting of liquid aluminium is possible on zinc coated steels, it requires the use of a brazing flux on non coated steels. 12, 13 The quality of the bonds then greatly depends on the thickness of Fe-Al intermetallic phases formed at the interface between steel to aluminium. Good mechanical properties can be achieved when the thickness of this intermetallic layer is ,10 mm. 13 The thickness of the intermetallic layer can be reduced by the addition of Si on the Al alloy. 14, 15 It is generally accepted that the growth kinetic of intermetallics is mainly controlled by the diffusion thought the intermetallic layer. 12 This phenomenon depends on temperature of the steel-aluminium interface, that has to be reduced to prevent an excessive growth. During the past few years, new controlled short-circuit Gas Metal Arc Welding processes (GMAW), allowing the melting of filler metals with low heat input, have been developed. The Cold Metal Transfer process (CMT) developed by Fronius seems to be the more promising. Due to a fine control of current waveform coupled to an alternate feeding of the filler wire, the metal transfer is possible with a very low heat input, promoting the welding of thin sheets with low distortion and gap bridging ability. 16 This process has been tested to join aluminium to zinc coated steel by braze-welding in a lap joint with Al-Si filler wires. [17] [18] [19] [20] The formed intermetallic layer is ,10 mms if the heat input remains low. 17, 19, 20 It has been observed that the Zn coating plays an important role by promoting the wetting of aluminium, but also by preventing the formation of a thick intermetallic layer. 21 However, a too high heat input can promote the vapourisation of the Zn coating, producing a detrimental effect on the steel-aluminium bond.
The complex waveform of the welding current in the CMT process and the 'back feeding' of the filler wire that mechanically forces the metal transfer make difficult to understand the relation between welding parameters, metal transfer and heat transfer. Pickin et al. investigated the effect of the CMT process on the dilution during aluminium alloy welding, compared to a pulsed GMAW process, and concluded the dilution is lower with CMT, for the same filler wire speed. 22 However, the effect of the various parameters of the CMT current waveform on the heat and metal transfers has never been discussed. In this paper, we investigate the effect of various current waveforms of the CMT process on the characteristics of transfer and deposit of a Al-Si filler wire on Zn coated steel samples. The relations between waveform parameters, energy, melting rate of the filler wire, wetting of the deposited metal, and thickness of intermetallic layer are discussed.
Experimental details
During lap braze-welding of aluminium alloy with a Zn coated steel using an aluminium alloy filler metal, the main issue concerns the interaction of molten aluminium alloy with steel, generally remained in a solid state. This high temperature interaction promotes the forming and growth of brittle Fe-Al intermetallic compounds. In order to study the effect of welding parameters on the characteristics of the joining interface, weld deposits of Al alloy filler metal are achieved on Zn coated steel samples.
Welding conditions
Weld deposit of a 4043 (AlSi5) aluminium alloy filler wire (Table 1) of 1?2 mm diameter is achieved on samples of base metal of 606150 mm 2 . The base material is a zinc coated S235 steel sheet of 1mm thick.
A TransPuls Synergic 2700 CMT power source is used in this study. The GMAW-CMT process allows welding under low heat input with a controlled short-circuit metal transfer, thanks to a complex current waveform coupled to the alternate feeding of the filler wire. A typical electrical cycle obtained with this process is given in Fig. 1a . The voltage is controlled by the arc length, depending on the filler wire moving. The current waveform is characterised mainly by the 'boost' current I b , the duration of the pulse t b , the 'wait' current I w , and the short-circuit current I sc . Seventeen set of parameters were chosen for this study ( Table 2 ). The filler wire speed V f (feed and retreat) is the same for every test, as well as the short-circuit current. The boost current and the wait current are different for each test, as well as the pulse time. As the durations of the wait current and the shortcircuit do not change drastically (they are governed by the alternate moving of the filler wire), the change in pulse time also changes the frequency of the short-circuits.
The shielding gas is a commercial argon with purity higher than 99?99% (Argon Technique, Air Products), with a flow of 12 l min 21 . The welding speed is the same for all the tests, equal to 60 cm min 21 .
Instrumentation of the welding process
The electrical parameters as well as the welding speed are recorded during the whole welding test with a frequency of 80 kHz. The welding current is measured with a Hall effect based current transducers (LEM LT 505-S), and the voltage is measured between the steel sample and the contact tip of the welding gun. In order to observe in situ the melting of the filler wire and the metal transfer, video recordings of the filler wire tip are made with a high speed camera (Phantom ir300) at 5000 images per second. To partly eliminate the arc radiation, a 808 nm interferential filter is placed on the camera, and coupled to a laser diode to light the tip of the filler wire.
The CMT process is characterised by an alternate movement of the filler wire. To control the wire speed, a DV 25 ST wire feed sensor is connected to the welding torch. In addition, the measure of wire feedrate by image correlation is made on some high speed video recordings using Phantom PCC 2?14b software to calibrate and validate the measurements of the wire feed sensor. Image analyses on high speed video recordings are also performed using ImageJ software to measure geometrical characteristics of the filler wire tip.
Characterisation methods
After each weld deposit, the total weight of deposited metal is measured using a Ohaus Explorer balance with a precision of 10 24 g. The mean width of the deposits is measured by image analysis on top views using a Leica Z16 APO macroscope with the Leica LAS software. In addition three cross-sections are cut on each sample by water jet cutting, to measure geometrical characteristics of the deposit (width, height). Finally, cross-sections were polished and finished with a 1 micrometre diamond suspension, in order to clearly observe the intermetallic layer formed at the interface between the steel and the aluminium weld deposit. The thickness of the intermetallic is measured using a Leica DMI5000 M optical microscope and the LAS software.
Results

Analysis of the CMT transfer cycle
The high speed videos coupled to electrical and wire speed measures first allow to analyse the various phases of the CMT process and the regularity of the metal transfer. Fig. 1 shows an example of transfer cycle, with the evolution of the current, voltage and wire speed measured during a test, and images corresponding to various steps of the metal transfer. The boost current begins just at the end of the short circuit phase, and allows the restriking of the electrical arc (image 2 of Fig. 1c ). During all the boost phase, the wire stays in static position (the wire feedrate is about zero) and a liquid drop is formed at the wire tip (image 3). After this first phase, at the beginning of the wait phase, the current decreases drastically to avoid the growth and the detachment of the drop, and the filler wire rate increases up to a rather constant value, before decreasing again when the short-circuit phase, characterised by a near zero voltage, begins (images 4 to 6). Note that the maximum wire speed measured with wire feed sensor and image analysis (32 m min 21 ) is higher than the fixed value (20 m min 21 ). The wire feed speed then becomes negative, indicating the retreat of the wire during the end of the short-circuit phase at a constant speed slightly higher (34 m min 21 ) than the feed speed of the wait phase. During the short-circuit phase, the current is at a constant value of 40 A. Note that the arc voltage is constant during the boost phase, but continuously decreases during the wait phase due to the decrease in the arc length. (Table 1) , indicating a good current control of the CMT process. One can see the boost current increases slowly on the three first tests, then faster up to the 10th test and finally remains constant at ,150 A. The wait current decreases slightly on the three first tests (while the setpoint values are constant), and then continuously increases. The short circuit current remains at a constant value of ,40A on all the tests, corresponding to the setpoint value.
Evolution of waveform parameters and power for the various tests
The boost time is fixed as a setpoint in the CMT welding programme (Table 1) . Measurements indicate the setpoint values are well followed ( Fig. 3) . At the opposite, the wait time and short-circuit time are not fixed as setpoints. The wait phase duration is controlled by the time required for the filler wire tip to touch the base metal surface from the distance corresponding to the arc length of the boost phase, and the duration of the short circuit phase by the time required to 'detach' the liquid metal drop under the effect of the wire retreat at constant speed. As the wire speed is constant on all the tests, the duration of the wait and short circuit phases depend on the drop volume and geometry. A large drop for instance will tend to increase the short circuit duration. Figure 3 shows the wait and short-circuit times are rather constant at ,5 ms except on tests 5 to 8, and specially on test nu 7 where it is higher than 6 ms. It is probably due to a higher drop volume that increases the short-circuit duration, and then the phase of wire retreat, producing a higher arc length during the boost phase (confirmed by a higher voltage shown in Fig. 2) , and then a longer wait phase during which the wire is feeded to reach the short-circuit.
As a consequence of the decrease in the boost time, the frequency of the short-circuits, calculated by Fourier transformation of the voltage signal, increases up to test nu 10, and then remains rather constant ( Fig. 3 ). Note that the arcing time (t b plus t w ) is higher than the shortcircuit time on the first tests, whereas the arcing and short-circuit times are quite similar from test nu 10. Figure 4 shows the evolution of the mean welding power. The mean values are numerically computed by time integration of the instantaneous electrical power on the total welding period (10 s):
UIdt where U and I are respectively the instantaneous voltage and current measured, and t f the total welding period. The mean power varies from 320 W to 790 W. Note that during the short-circuit phase, the instantaneous power becomes very low (the voltage is near zero). To compare the arcing phase of the various tests, we also have computed the mean arc power. The differences between the various tests are greater for the mean arc 2 evolution of the mean current and voltage of the three phases of the CMT cycle for the various tests 3 evolution of the duration of the three phases of the CMT cycle and of the short-circuit frequency for the various tests power, from ,370W to 1150W. Note that the mean power increases up to test nu6 mainly due to the increase in the boost current, but decreases after, the effect of the decrease in boost time being more important than the effect of the increase in boost current. After test nu10, the power increases again due to the combined effect of a slight increase in the wait current and boost duration.
In welding, the energy transmitted to the base metal is generally expressed by the linear energy corresponding to the power divided by the welding speed (UI/V, in J mm 21 ). The total linear energy has been decomposed in three contributions corresponding to the boost, wait and short-circuit phases. Figure 5 shows the evolution of these parameters on the various tests. As the welding speed is constant on all the tests, the tendency for the total linear energy is the same as the mean power. One can observe the boost energy is the main contribution to the total energy on tests 1 to 9, whereas the wait energy turns to the same order of magnitude on tests 10 to 17, because the boost time is very short.
Metal transfer
The weight of deposited metal, measured with a precision balance, is shown in Figure 6 . The deposited weight per second increases up to test nu 7, then stabilises and decreases at test nu 10, before increasing again. These tendencies are globally similar to the power evolution ( Fig. 4 ). However, one can see the deposit rate is higher for the last tests, where the short-circuit frequency is high, than for tests 6 to 8, in spite of a higher power in this last case.
The deposited weight for each short-circuit is deduced using the short-circuit frequency computed in the previous section. In addition, the evolution of the surface drops at the wire tip is measured for some tests on high speed video by image analysis. An estimated deposited weight per short circuit is then computed, considering an axisymetric drop geometry. Some variations are observed considering a series of drop of one welding test, due to the non axisymetric real geometry of the drops, but the tendencies observed by direct weight measurements are well restituted, except for tests 5 to 7 where the calculation overestimates the measured weight ( Fig. 7) . Image analysis can thus be used to follow the evolution of the drops weight at the wire tip during the CMT cycle.
At the end of the short-circuit phase, when the arc restrikes, a weight of molten metal of ,2 mg remains attached to the wire tip, whatever the welding parameters (Fig. 8 ). The drops grow during the boost phase, and continue to grow during the wait phase. One can deduce from Fig. 8 the main heat input producing the drop growth comes from the boost phase, but the wait phase contributes also significantly to the melting, the molten weight during this phase may represent ,30% of the deposited weight for some welding conditions. The weight of each deposited drop is globally higher for the first tests than for the last ones from nu 10, where the boost phase time is only ,1ms. However, due to the high short-circuit frequency, the deposit rate is as high for the last tests than for the first ones (Fig. 6 ).
Wetting of weld deposit and intermetallic thickness
The wetting of aluminium on zinc coated steel is a main point to guaranty a good mechanical strength of the assembly, because the width of the joining interface depends on this phenomenon.
A good and regular wetting is observed when the linear energy remains below ,500 J mm 21 . For an energy range between 530 and 650 J mm 21 , the deposit becomes less regular ( Figs. 9-10 ). This could be due to the local vapourisation of the Zn layer, that prevents the wetting of liquid aluminium. Indeed, the direct wetting of liquid aluminium on uncoated steel is very poor compared to Zn coated steel. 21 For regular deposits (deposits 1 to 4 and 10 to 13), the width of the deposit is comprised between 4?7mm and 7?8mm, and globally increases with energy. Note that for an equivalent energy, the width of deposits 10 to 13 is higher than the width of deposits 1 to 4.
The thickness of the formed intermetallic layer is also a main point, because it determines the brittleness of the bond. It is generally admitted that due to kinetics considerations, the intermetallic formed at the Fe/Al interface is mainly Fe 2 Al 5 , 14 while FeAl 3 can sometimes also be observed on the aluminium side ( Fig. 11 ). When the aluminium alloy contains silicon, the formed Fe 2 Al 5 intermetallic generally contains a few per cent of Si, that decreases the growth kinetics of the intermetallic layer by reducing the diffusion rate of Fe and Al through Fe 2 Al 5 . 14 It has been shown in previous studies that intermetallic thicknesses higher than 10 mms were generally cracked. 13 For all the weld deposits, the maximum intermetallic thickness is ,8 mms, due to the low heat input associated to the CMT process. However, the intermetallic thickness can change significantly according to the waveform characteristics. In order to investigate the influence of the current waveform on the intermetallic growth, four welding conditions are compared on Fig. 12 , corresponding to two different waveform types giving rather equivalent deposit rates and widths: waveforms having an arcing duration higher than short-circuit time (tests 4-5), and equivalent arcing and short-circuit durations (tests 10-11). One can observe on Fig. 12 that for the last waveform type, the intermetallic thickness is globally 6 evolution of the deposit rate for the various tests lower. This have to be correlated to the associated energy, which is higher for the first type of waveform, in spite of similar deposit rates.
Discussion
In GMAW process, it is generally admitted, after the demonstration of Lesnewich, 24 that the melting rate of the filler wire in direct current electrode positive (DCEP) is controlled by the combination of joule effect and condensation heat of electrons. The melting rate then increases with the welding current, generally following a polynomial law. However, has explained by Waszink, 25 the melting of the filler wire tip results of heat inputs, but also of heat transfer, specially from the drop surface to the solid part of the wire.
If we consider the evolution of the deposit rate with the mean current for our tests, one can see there is no clear relation (Fig. 13 ). One can correlate these results to the special metal transfer mechanism related to the CMT process. During the short-circuit phase, the condensation heat of electrons does not occur, and heat transfer from the liquid drop to the base metal reduces the heat transferred to the solid filler wire, and then its melting rate. The heating of the wire tip during the arcing phase by joule effect and condensation heat of electrons is then partially balanced by the heat transfer in the base metal during the short-circuit phase. The contribution of both phenomena to the melting rate seems to vary according to the waveform, as suggests the variation of energy for a similar deposit rate when the short-circuit frequency increases (Figs. [5] [6] . Figure 14 represents the relation between the mean current during the arcing phase and the melting rate (considering the melting of the wire tip occurs only during the arcing phase). One can observe for an equivalent mean current of arcing phase, that the melting rate is higher for the last tests, where the short-circuit frequency is high, than for the first ones.
The heat transferred to the base metal during the short circuit phase mainly depends on the short-circuit duration, and on the heat contained in the wire tip, which is related to its temperature and to the volume of heated filler metal. In the various tests performed in this study, the short-circuit time is about the same, so the heat transferred to the base metal depends on the last factor. For tests from nu10, the arcing time is short (,6ms), and the mass of the formed drops is rather low. In contrast, for the first welding tests, the arcing time is longer than the short-circuit duration, and the drops mass is higher, indicating a higher global heat contained in the drop, and probably a higher mean temperature, as suggested by the higher ratio between energy and deposited weight for the first tests (Fig. 15 ). The heat transferred from the wire tip to the base metal should then be higher, despite of the lower short-circuit frequency compared to the last tests.
That explains the higher thickness of intermetallic layer formed during the first tests ( Fig. 12) , with a similar deposit rate. Indeed, in GMAW-DCEP, it is generally admitted that the heating of the base metal is mainly due to the heat transfer from the deposited filler metal. The heat transferred to the steel surface during the short-circuit phases, higher for the first waveform type, thus induces the formation and growth of a thicker intermetallic layer.
Conclusions
The CMT process allows to deposit regular aluminium welds on Zn coated steel sheets, except for high heat input, where the vapourisation of the Zn layer prevents the wetting of aluminium. The decrease in the 'boost' time coupled to the increase in the boost current of the CMT waveform produces an increase in the short-circuit frequency and a decrease in the drop weight deposited during each short-circuit. This kind of waveform produces the best results in steel-aluminium joining because the heat transferred to the base metal is reduced for an equivalent deposited weight, and the thickness of the formed Fe-Al intermetallic layer is lower. 14 evolution of the melting rate versus the mean arc current considering only the arcing phase 15 ratio between the welding energy and the deposited weight for the various tests
